The adsorption and activation of a CO 2 molecule on cubic d-MoC(001) and orthorhombic b-Mo 2 C(001) surfaces have been investigated by means of periodic density functional theory based calculations using the Perdew-Burke-Ernzerhof exchange-correlation functional and explicitly accounting for (or neglecting) the dispersive force term description as proposed by Grimme. The DFT results indicate that an orthorhombic b-Mo 2 C(001) Mo-terminated polar surface provokes the spontaneous cleavage of a C-O bond in CO 2 and carbon monoxide formation, whereas on a b-Mo 2 C(001) C-terminated polar surface or on a d-MoC (001) nonpolar surface the CO 2 molecule is activated yet the C-O bond prevails. Experimental tests showed that Mo-terminated b-Mo 2 C(001) easily adsorbs and decomposes the CO 2 molecule. This surface is an active catalyst for the hydrogenation of CO 2 to methanol and methane. Although MoC does not dissociate C-O bonds on its own, it binds CO 2 better than transition metal surfaces and is an active and selective catalyst for the CO 2 + 3H 2 -CH 3 OH + H 2 O reaction. Our theoretical and experimental results illustrate the tremendous impact that the carbon/metal ratio has on the chemical and catalytic properties of molybdenum carbides. This ratio must be taken into consideration when designing catalysts for the activation and conversion of CO 2 .
Introduction
Carbon dioxide (CO 2 ) is the most abundant greenhouse gas in Earth's atmosphere owing mostly to vast emissions derived from human activities. In the last few years CO 2 chemistry has become a very attractive area of research, not only for environmental reasons, but also due to the potential use of CO 2 as an alternative and economical feedstock. [1] [2] [3] [4] The recovery of CO 2 for its hydrogenation to alcohols or other hydrocarbon compounds is an important approach to recycle the released carbon dioxide. 4 However, for these reactions to occur, the chemical activation of the CO 2 molecule is a necessary and oftentimes crucial step, which typically implies charge transfer from the catalyst and the molecular bending. 5 Most of the catalysts used in the industry for the abovementioned reactions use metal nanoparticles such as Ni, Pd, or Pt as an active phase that are supported either on oxides or fine sulfides. 6 Due to their complexity and cost, experiments are typically performed using model supported nanoparticles. 7 In the current search for new catalysts, 8 Transition Metal Carbides (TMCs) have arisen as appealing alternatives, because they exhibit broad and amazing physical and chemical properties. 9 These may be viewed as the result of combined properties of covalent solids, ionic crystals, and transition metals. 10 Because of these properties and their low cost, TMCs have become a type of materials with an increasing role in heterogeneous catalysis in the last few decades, either using them as catalysts or as supports for metal nanoparticles. The pioneering work of Levy and Boudart indicated that tungsten carbide showed catalytic activity very similar to or even better than platinum, for a variety of reactions. 11 Since then, the number of reactions catalyzed by TMCs has greatly increased. Beyond the catalytic activity per se, another very important application that has been contemplated is the ability to use TMCs as supports for metal nanoparticles. For example, Rodriguez et al. have shown that Au and Cu nanoparticles supported on TiC(001) are excellent catalysts for the hydrogenation of olefins, the hydrodesulfurization of thiophene, and the adsorption and decomposition of SO 2 .
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Also, TiC(001) and Au-TiC(001) systems have been found to catalyze H 2 dissociation 17, 18 and CO oxidation. 19 In the latter, the attachment strength of CO on the TiC(001) surface or Au clusters is not very different, 20 but O 2 adsorption energy is higher on the Au-TiC(001) system. It should be borne in mind that titanium carbide is a cumbersome support to be used in applications due to the difficulty in obtaining nanoparticles under working conditions. It is therefore better to work with d-MoC and b-Mo 2 C because they are much more active and do not require special conditions for their synthesis. Molybdenum carbides have been used as catalysts in different reactions: The orthorhombic b-Mo 2 C has been proposed as a possible substitute to the commercial Cu-based catalyst used to carry out the WaterGas-Shift (WGS) reaction 21, 22 and also as a highly beneficial support to Pt nanoparticles in the catalyzed WGS reaction. 23 Moreover, b-Mo 2 C has been recently found to be not only a good support to Ni nanoparticles, but also an active phase to the so-called Ni/b-Mo 2 C bifunctional catalyst used in the methane dry reforming process. The catalytic activity of these systems has been previously predicted based on Density Functional Theory (DFT) calculations 24, 25 and, very recently, has become the focus of a detailed mechanistic study. 26 Furthermore, it has been predicted that d-MoC(001) can easily dissociate molecular oxygen 27 and DFT calculations showed the very high catalytic power of hexagonal a-Mo 2 C on ammonia dehydrogenation. 28 Also, hexagonal a-Mo 2 C(001) and orthorhombic b-Mo 2 C phases have been considered as catalysts for CO hydrogenation, [29] [30] [31] and very recently, b-Mo 2 C(001) has been proposed for CO dissociation.
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The objective here is to explore and determine whether the CO 2 molecule adsorbs on the (001) surfaces of d-MoC and b-Mo 2 C and see if activation of CO 2 occurs, as a first, preliminary, and necessary step for using molybdenum carbides as catalysts in CO 2 chemistry. An important issue is to determine how the activity towards CO 2 activation changes with the carbon/metal ratio in the carbide. It will be shown that CO 2 gets activated on d-MoC(001) and the C-terminated b-Mo 2 C(001), whereas an almost barrierless dissociation occurs on Mo-terminated b-Mo 2 C(001), pointing to these surfaces as ideal active phases of molybdenum carbide composites for CO 2 activation. Indeed, experimental tests show that Mo-terminated b-Mo 2 C(001) easily adsorbs and decomposes the CO 2 molecule. It is shown that this surface is also an active catalyst for the hydrogenation of CO 2 to methanol and methane.
Computational and experimental methods

A. Computational details
Periodic density functional calculations were carried out using the Vienna Ab initio Simulation Package (VASP) 33 for the slab surface models depicted in Fig. 1 . Exchange-correlation effects have been accounted for by means of the generalized gradient approximation using the Perdew-Burke-Ernzerhof (PBE) exchangecorrelation (xc) functional, 34 given the suitability of such an xc functional for the description of bulk and surfaces of molybdenum carbide compounds. 35 The van der Waals (vdW) correction proposed by Grimme 36 has been used to test the difference between the uncorrected calculations and calculations with vdW correction. In these calculations the valence electron density is expanded in a plane-wave basis set and the effect caused by the core electrons on the valence region is described by the projector augmented wave method of Blöchl 37 as implemented by Kresse and Joubert. 38 The kinetic energy cut-off for the plane wave basis set was set to 415 eV, proven to be enough to gain converged results for adsorbates on carbides in general, and in molybdenum carbides in particular. 35 The ionic relaxa- 35 The vacuum space is superior to 10 Å in all cases.
CO 2 was adsorbed on one side of the slab, and during the course of the geometry optimization the CO 2 molecule as well as topmost two layers were fully relaxed. The reciprocal space was described by means of a 3 Â 3 Â 1 Monkhorst-Pack 
where E CO 2 /Mo n C is the energy of CO 2 adsorbed on the corresponding surface; E Mo n C is the energy of the pristine surface; and E CO 2 is the energy of the isolated CO 2 molecule in an asymmetric box of 9 Â 10 Â 11 Å dimensions.
Note that on the b-Mo 2 C(001) surface we have two possible terminations; the last layer can be composed of either C atoms or Mo atoms. We call b-Mo 2 C(001)-C the surface with C termination atoms and b-Mo 2 C(001)-Mo the one with Mo termination. Note in passing by that this polymorph exhibits an orthorhombic crystal structure, although some previous surface science studies often referred (incorrectly) to it as a-Mo 2 C.
We explored all the adsorption sites of the CO 2 molecule on the commented surfaces, as shown in Fig. 2 . We defined top sites where the adsorbate sits on top of surface atoms. This site is present in all the studied surfaces; for instance Top C is found in d-MoC(001) surfaces and b-Mo 2 C(001)-C and Top Mo in d-MoC(001) and b-Mo 2 C(001)-Mo surfaces. Note that in b-Mo 2 C(001) there are two different Top sites. Bridge sites are considered when the contact is above the bond between two surface atoms and can involve either Mo-C, C-C, or Mo-Mo bonds; in 4-Hollow, the adsorbate binds simultaneously 4 surface atoms; finally, the regular Hollow sites imply a 3-fold coordination. These sites can be named according to the atoms the molecule is bonded to; for instance, MMC and MCC sites. The former indicates that the hollow site is formed by 2 surface Mo atoms and 1 surface C atom, whereas the latter implies 2 surface C atoms and 1 Mo atom. For Bridge, Hollow, and Top sites, in some cases, a superindex is added to differentiate among topologically distinct sites within the same cell. Finally, note that the CO 2 adsorption was tested on all possible sites, including different coordination contacts through molecule C or O atoms. Final adsorption optimized structures have been characterized as minima in the potential energy surface via appropriate frequency analysis. This was carried out using the Hessian matrix constructed from finite differences of analytical gradients with individual displacements of 0.03 Å in each cell direction and including both molecule atoms and those of the first layer of the carbide in the calculations. Diagonalization of the Hessian matrix thus obtained leads to positive eigenvalues only.
B. Experimental details
Experiments were carried out to investigate the adsorption and hydrogenation of CO 2 on polycrystalline MoC and on a Moterminated Mo 2 C(001) surface. 42 Ion bombardment and subsequent annealing at 1000 K were used to clean and prepare the Mo 2 C(001) surface. 43 Images of scanning tunneling microscopy indicate that under these conditions this surface has the expected bulk-terminated (1 Â 1) orthorhombic periodicity, 43 with two or three rotationally misaligned orthorhombic domains. The surface of MoC examined in this study is best described as polycrystalline. 42 Surface impurities were removed by Ar + sputtering, and a C/Mo ratio close to 1 was restored by exposing this surface to C 2 H 2 or C 2 H 4 at 800-900 K. 42 Several attempts were made to prepare well-defined surfaces of d-MoC oriented along the (001) plane of this carbide. However, it was not possible to prepare an ideal d-MoC(001) surface. The preparation of this particular surface is very difficult due to the complex phase diagram of MoC. 44 The experimental data were collected in a set-up that combined an ultra-high vacuum (UHV) chamber for surface characterization and a micro-reactor for catalytic tests. 45 The UHV chamber was equipped with instrumentation for X-ray photoelectron spectroscopy (XPS), low-energy electron diffraction (LEED), ion-scattering spectroscopy (ISS), and thermal-desorption mass spectroscopy (TDS). 45 In the studies of CO 2 hydrogenation, the sample was transferred to the reactor at B300 K, then the reactant gases, 0.049 MPa (0.5 atm) of CO 2 and 0.441 MPa (4.5 atm) of H 2 , were introduced and the sample was rapidly heated to the reaction temperature (500, 525, 550, 575, and 600 K). Product yields were analyzed by a gas chromatograph. 46, 47 In our experiments data were collected at intervals of 15 min up to a total reaction time of 270 min. The amount of molecules (CO, CH 4 , or CH 3 OH) produced in the catalytic tests was normalized by the active area exposed by the sample and the total reaction time. The kinetic experiments were done in the limit of low conversion (o5%).
Results
A. Theoretical studies
First of all we determined the CO 2 molecule orientation upon adsorption. To this end different starting structures were considered. In the perpendicular to surface orientation, one oxygen interacts with the studied surfaces whereas in the parallel to surface orientation all CO 2 atoms are in contact with the surface. The calculations indicate that the parallel adsorption of CO 2 is much more favorable than the perpendicular adsorption by at least 0.5 eV. Consequently, in the following, only the results for parallel adsorption are discussed. All adsorption sites on the d-MoC(001) surface were studied and the results are summarized in Table 1 . It is shown that the CO 2 molecule can adsorb in two competitive sites (see Fig. 3 ). In the first one, the C atom is above the MMC site and O atoms are on top of Mo surface atoms resulting in an adsorption energy value of À0.82 eV; in addition, upon adsorption the molecule forms one regular C-C bond (1.46 Å) with the surface C. In the second case, the C atom is on top of a surface C atom and O atoms bridge C-Mo surface bonds; the corresponding E ads is À0.74 eV and the adsorbed molecule also forms a regular C-C bond (1.47 Å) with the surface C atom. In both cases the chemisorption of CO 2 leads to elongation of the C-O bonds from 1.17 Å as in vacuum calculations to 1.29 Å in the adsorbed molecule, highlighting the molecular activation. Note that the C-C bond length lies between a single and a double bond. Last but not least, the adsorption is accompanied by bending of the molecular angle reaching values in the 120-1301 range. These structural changes are in perfect agreement with substrate -molecule charge transfer, which reduces the CO 2 bond order, although the bending can be viewed as well as a change in sp -sp 2 hybridization forced by the C-C bond formation. From the vdW values listed in Table 1 one sees that the geometries of these systems do not vary, and only adsorption strengths are increased, revealing that dispersive forces do not play a role in CO 2 activation. Although the preferential site for PBE and PBE-vdW is different, Table 1 Results of CO 2 adsorption in molybdenum carbide surfaces one can still assure that the CO 2 adsorption on d-MoC(001) presents two competitive adsorption sites.
In previous studies examining the interaction of CO and CO 2 on TiC(001) 20, 45 it was found that adsorption resulted in the formation of a new C-C bond between the surface and the adsorbate. For adsorbed CO, the C-C bond length was found to be 1.33 Å, whereas in the CO 2 -TiC(001) system and in the present CO 2 -d-MoC(001) systems the C-C bond distance is sensibly larger. The bending of the CO 2 molecule on TiC(001) was found to be indicative of a net carbide-CO 2 charge transfer. 48 For the present studied systems the charge distribution is estimated by the method of Bader, 49 and the results are shown in Table 1 . By analyzing these results one observes that for the activation of CO 2 on d-MoC(001) there is also a net carbide-CO 2 charge transfer of B1 electron. In CO 2 /TiC(001) the elongation of the C-O bonds is the same as that in the CO 2 /d-MoC(001) adsorption system. On the other hand, the adsorption energy of CO 2 /TiC(001) is À0.62 eV, so the CO 2 molecule adsorbs sensibly stronger on the d-MoC(001) surface. Thus, the longer C-C bond length in d-MoC can be easily attributed to the size of Mo atoms compared to Ti atoms in TiC, and the concomitant increased steric repulsion. As we will discuss below, the differences in the strength of the CO 2 -carbide binding when going from TiC to MoC probably help to make MoC a better catalyst for CO 2 hydrogenation than TiC.
The experimental results included later on are for Moterminated b-Mo 2 C(001) but it is relevant to study the corresponding C-terminated surface as well. Hence, in a subsequent step, we investigated the interaction of CO 2 with these two b-Mo 2 C(001) polar surfaces. The results (Table 1) show that the adsorption energy is À0.61 eV for b-Mo 2 C(001)-C, this value being sensibly lower than that corresponding to the adsorption on the d-MoC(001) surface. However, the C-C bond distance is still 1.47 Å and the C-O bond lengths are 1.21 and 1.42 Å, as on d-MoC(001), the molecule gets activated, displaying an angle of 1221; the charge on CO 2 indicates that the b-Mo 2 C(001)-C cedes B0.75 electrons, irrespective of including or not the vdW correction. Initially, CO 2 was placed on top of a carbon surface, but during the optimization process displacement of the surface carbon atom bonded to the CO 2 molecule was observed. The final geometry is shown in Fig. 4 . Here, the CO 2 molecule is adsorbed 
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with one C-C bond and one O bridging two Mo atoms. In this case preferential activation of a single C-O bond is observed. This fact can lead to an easier C-O bond cleavage and, therefore, to the dissociation of the adsorbed molecule (CO 2 * -CO* + O*). In this surface, and the Mo-terminated one (see below), the vdW correction again does not significantly change the geometry of the adsorbed CO 2 molecule on b-Mo 2 C(001) surfaces, yet the adsorption energies slightly increase. Despite the changes in the values of adsorption energy, all calculations indicate that the CO 2 adsorption on b-Mo 2 C(001)-C is less favorable than on the other studied Molybdenum carbide surfaces, regardless of using the vdW correction.
As far as the b-Mo 2 C(001)-Mo termination is concerned, interestingly, the placement of CO 2 on a Top Mo site of the surface results in an easy C-O bond cleavage with an adsorption energy of À3.27 eV and the final structure is depicted in Fig. 4 , in which partial dissociation occurred. Different situations are possible for the orientation of the tilted adsorbed molecule although the energy differences between them are roughly B0.1 eV. It is also worth pointing out that the use of a thicker slab model containing 6 atomic layers leads to a slightly larger value of the adsorption energy (À3.43 eV) indicating that the influence of the surface model, even if noticeable, does not change any of the conclusions extracted from the present study. Note also that the quite large (43 eV) absolute value of E ads comes from considering the CO 2 molecule under vacuum as the energy reference; that is, the value adds the adsorption energy of CO and O moieties on the surface, but also considering the endothermicity of the C-O bond cleavage of CO 2 . However, when the initial position is not on Top Mo, the CO 2 molecule gets activated, solely, and the surface is not able to break the C-O bond. The E ads of the latter is À1.38 eV, and the molecule displays a C-O bond lengthening, reaching final values of 1.27 Å. Again, the CO 2 molecule receives charge density from the Molybdenum carbide substrate of B1.26 electron, and the molecule adopts a bended conformation with a molecular angle of 1331. As happened in the previous cases, the inclusion of vdW description does not significantly alter the final structure.
Here one may wonder whether this dissociation is realistic or an artifact of the optimization procedure. To further verify that this is indeed the physically meaningful dissociation pathway, a CO 2 adsorption energy profile has been constructed in a stepwise fashion optimizing points where the height of the C atom of the molecule was kept fixed and the transition state (TS) structure found from appropriate refinement of the energy maximum structure in the potential energy section in Fig. 5 , followed by a characterization by frequency analysis, as carried out for the adsorption minima. The Hessian matrix displays only one negative eigenvalue corresponding to the imaginary frequency of the dissociation mode. It can be observed that at a distance of 2.75 Å a minimum energy is found with an adsorption energy of B0.2 eV, i.e. corresponding to a physisorption situation whereas at higher distances the CO 2 molecule does not feel the surface. The TS structure obtained involves a distance from the C atom to the surface of 2.30 Å, displaying C-O distances of 1.22-1.23 Å, significantly larger than the 1.17 Å C-O distance for the gas phase molecule, an O-C-O angle of 1451 and involves an energy barrier of 0.76 eV. This energy barrier is larger than the physisorption energy but small enough so that it can be overcome at high coverage under realistic reaction conditions (see next section). Once the energy barrier is overcome, the reaction proceeds through a downhill path associated with a C-O bond cleavage reaching a minimum with a C-surface distance of 1.35 Å. It is worth stressing that such low activation barrier dissociations are not seldom, and have been previously observed for SO 2 dissociation on b-Mo 2 C(001). 15 The Bader analysis
shows that the CO moiety has gained B1 electron, so it can be considered as a carbonyl anion (CO À ), whereas the O moiety Paper PCCP has gained B2 electrons, indicating that this moiety can be considered an oxygen anion (O 2À ). Note that the structure of the CO moiety matches that of a recent similar study considering the CO adsorption and dissociation on b-Mo 2 C(001)-Mo, studied using DFT at the PBE level. 32 In the latter study the dissociation of CO was found to be exothermic, yet overcoming an energy barrier of more than 1 eV. This goes for a range of low temperatures in which CO 2 can be dissociated, yet the formed CO molecules can be stable at the surface. As we will see in the experiments described below, CO 2 does dissociate on the b-Mo 2 C(001)-Mo surface to yield O and CO which could undergo further decomposition. The CO and C produced by the partial and total decomposition of CO 2 can be catalytically hydrogenated to form methanol and methane. Note that in a CO 2 -b-Mo 2 C(001)-Mo system, and according to the energy profile depicted in Fig. 5 , the molecules will reach a physisorbed state, from which a fraction can be desorbed and the other can overcome a rather small dissociation energy barrier to reach the stationary point where CO and O moieties are present at the b-Mo 2 C(001)-Mo surface.
B. Experimental studies
The O 1s region in XPS was used to investigate the adsorption of CO 2 on polycrystalline MoC and on a b-Mo 2 C(001)-Mo surface at 300 K. The interaction of CO 2 with polycrystalline MoC was weak and a very small and broad peak was seen by XPS at O 1s binding energies between 531 and 533 eV. This binding energy can be attributed to the presence of CO or CO 2 species on the surface. 50 Since no signal was seen in the binding energy range of 528-530 eV where surface atomic O is expected, 51 it is likely that the weak features seen at 531-533 eV correspond to adsorbed CO 2 . Since our MoC surface is probably rich in carbon, a direct comparison with the theoretical results for the well-defined d-MoC(001) surface is not possible. For the adsorption of CO 2 on the b-Mo 2 C(001)-Mo surface, XPS showed two separate features in the O 1s region. The first one peaked at 529.8-530.2 can be attributed to atomic oxygen. 51 The second one exhibited its maximum intensity at 531.2-531.5 eV and corresponds to adsorbed CO. 51 Table 1 . Fig. 7 displays the uptake of CO and O on b-Mo 2 C(001)-Mo after several doses of CO 2 at 300 K. The amount of O present on the surface is always larger than that of CO. Since CO binds well to similar surfaces of Mo 2 C, 51 our results imply that two decomposition reactions are taking place on the carbide surface: CO 2 -CO + O; CO -C + O. This is particularly the case at low coverages when the concentration of O is more than double the concentration of CO. Once the adsorbate coverage increases on the surface, the full decomposition of CO 2 becomes more difficult and the ratio of surface O/CO decreases. In the area of green chemistry, the activation of CO 2 and its hydrogenation to alcohols or other hydrocarbon compounds is an important approach to recycle carbon dioxide. 4 We found a correlation between the reactivity of the molybdenum carbides towards CO 2 and their catalytic activity. 32, 51 can be problematic at very high temperatures. In Fig. 8 , the rate for methanol production on b-Mo 2 C(001)-Mo at 600 K is somewhat smaller than that at 500 K. In our studies, we found that the major products of the hydrogenation of CO 2 on b-Mo 2 C(001)-Mo are CO, CH 4 , and CH 3 OH. We also found traces of C 2 H 6 , CH 3 OCH 3 , and C 2 H 5 OH. Fig. 9 shows how the rate of formation of CO, CH 4 , and CH 3 OH changes as a function of temperature. The main products of the reaction are CO, produced through the reverse water-gas shift reaction, and methane. Temperature has a strong effect on the selectivity of the b-Mo 2 C(001)-Mo catalyst. At very high temperature (4575 K), CO 2 -C + 2O full decomposition probably takes place and one sees an enhancement in the rate of CH 4 formation and a substantial drop in the production of CO and CH 3 OH.
On polycrystalline MoC, the hydrogenation of CO 2 produced only CO and CH 3 OH. Fig. 10 shows Arrhenius plots for the generation of CO and methanol on MoC. MoC exhibits a catalytic activity higher than that of Cu(111), 47 a surface that is commonly used as a benchmark in catalytic studies, 46, 47 and a TiC(001) catalyst. 45 From the Arrhenius plot in Fig. 10 matches well the sequence found for the catalytic activity. Furthermore, the results in Fig. 8 and 10 indicate that MoC is a good and selective catalyst for methanol synthesis at high temperatures. When going from Mo 2 C to MoC, the increase in the carbon content of the carbide moderates the reactivity of the Mo centers which still can bind well the CO 2 molecule but now the cleavage of the first C-O bond must be assisted by hydrogen (H + OCO -HOCO -HO + CO) 52 and there is no rupture of the second C-O bond. As a result of this property, MoC is a selective catalyst for a CO 2 -CH 3 OH transformation. The theoretical results in Table 1 and the experimental data in Fig. 9 and 10 illustrate the tremendous impact that the carbon/metal ratio has on the chemical and catalytic properties of molybdenum carbides. This ratio must be taken into consideration when designing catalysts for the activation and conversion of CO 2 .
Conclusions
Periodic DFT calculations and experiments on controlled conditions have been carried out to investigate CO 2 adsorption and subsequent hydrogenation on MoC and Mo 2 C surfaces. The DFT calculations have been carried out using the PBE functional and explicitly accounting for a description of vdW forces. The study also addresses to determine whether there are differences in the reactivity of both b-Mo 2 C(001) terminations, depending on whether the layer that interacts with the CO 2 is built up of C or Mo atoms. Results show that the vdW correction provides no structural differences in the optimized structures. Therefore, these forces are not decisive in CO 2 adsorption and activation. Furthermore, it is found that the CO 2 molecule can be activated in all the studied cases. The reactivity of the d-MoC and b-Mo 2 C(001)-C surfaces is similar, sharing a charge transfer surface -CO 2 of B0.75-1 electron, leading to the formation of C-C bonds. The adsorption energy values are at the fringe of chemical interaction, regardless of the covalent C-C bond formation. These surfaces point to a posterior reaction of the activated CO 2 to form suitable products, such as methanol or formic acid via hydrogenation. The adsorption energy values show, however, that CO 2 adsorption is most favorable on b-Mo 2 C(001)-Mo. Here a majority of CO 2 can adopt an activated chemisorbed situation, whereas a fraction of molecules may suffer a spontaneous rupture of a C-O bond leading to the formation of the CO moiety. The predictions from the DFT calculations were confirmed by experimental tests which showed that Mo-terminated b-Mo 2 C(001) easily adsorbs and decomposes the CO 2 molecule. Moreover, there is clear experimental evidence that this surface is an active catalyst for the hydrogenation of CO 2 to methanol and methane. The experiments also show that MoC binds and activates CO 2 better than transition metal surfaces and that it is an active and selective catalyst for the CO 2 + 3H 2 -CH 3 OH + H 2 O reaction.
The theoretical calculations also indicate that there are very large differences in reactivity between the two b-Mo 2 C(001) endings and are in agreement with the experimental evidence of CO 2 breaking on the b-Mo 2 C(001)-Mo terminated surface. All in all, the present results show the high activity of molybdenum carbide surfaces in CO 2 activation, surpassing even that of other transition metal carbide surfaces such as TiC(001). Moreover, the present combined theoretical and experimental study illustrates the tremendous impact that the carbon/metal ratio has on the chemical and catalytic properties of molybdenum carbide surfaces. This ratio must be taken into consideration when designing catalysts for the activation and conversion of CO 2 .
